In this contribution, a brief review is given of the dynamics of emulsions in microconfined shear flow. The interest in confined flow is triggered by the increasing importance of microfluidic applications in the processing industries. In a first part, some important aspects of confinement on single droplet dynamics are highlighted. The validity of the conclusions drawn from this part are subsequently applied to more concentrated systems. It is shown that microconfined emulsions can exhibit rich dynamics, and can display some peculiar morphologies.
INTRODUCTION
The study of blending two immiscible polymers has received a high degree of scientific attention in the last decades. Although many problems are still unresolved -for instance the precise role of component elasticity -important progress towards understanding the morphology development during flow has already been achieved (see [1 -5] for recent reviews on the subject). In most of the investigations, flow was constrained to geometries with a characteristic size much larger than the typical size of the generated morphology. Recently however, flow in microdevices has received a lot of attention. This is related to the fact that methods have become available for fabricating flow configurations with length scales on the order of tens of microns or even smaller [6] . In addition, rapid developments in biotechnology, for which manipulations on the cellular length scale and the necessity to manipulate small volumes are essential, have accelerated the development of this microfluidic technology (see [7] for a recent review). Finally, the quest for high throughput experimentation has led to the development of small, portable devices that are able to perform relatively simple analytical, biological, or chemical tasks (see [7] ). In the case of emulsions, such a trend towards miniaturization is also eminent. This is not surprising since liquid-liquid dispersions are quite common in macroscopic processes or in various consumer products such as food or cosmetics. The major part of the literature in this field deals with specific technologies to control droplet sizes and matrix viscosity) and the capillary number Ca (being the ratio of the hydrodynamic forces over the interfacial forces). A very complete experimental study on the breakup of single droplets was provided by Grace who systematically mapped out critical capillary conditions as a function of viscosity ratio [23] . Various recent reviews discuss the experimental as well as the theoretical progress in this field [1 -5] . Here, we will focus on experimental studies in which droplets become of the same size as the geometry.
On a microscale, the confined motion of single droplets in a cylindrical tube has been studied quite extensively [24 -28] . Such studies provide insight into multiphase porous media flow, which is for instance used in oil recovery. It was for instance shown that droplet deformation clearly depends on the ratio between droplet diameter and capillary diameter, pointing to an important contribution of confinement. Despite of these studies, systematical studies on deformation and breakup of confined single droplets in simple shear or elongational flows are scarce. The presence of confining walls induces a variety of phenomena. For instance, Mietus et al. [29] demonstrated that complex deformations can be present in confined systems. Moreover, they reported critical capillary numbers for their low viscosity ratio systems that were well in excess of the critical values based on the Grace curve. Son et al. studied the stability of a polymeric thread imbedded in a matrix that was confined between two parallel plates [30] . It was demonstrated that the classical Rayleigh instability was suppressed once the thread dimension surpassed roughly 30% of the gap spacing. Recently, Vananroye et al. reported on the effect of geometrical confinement on the critical capillary number [31] . A counterrotating parallel plate shearing device was used to study breakup of single poly(dimethyl siloxane) (PDMS) droplets of varying sizes in a poly(isobutylene) (PIB) matrix. The droplets, located in the stagnation plane, were observed with a stereo microscope (Wild M5A). Images were recorded using a CCD camera (Basler A301f) and analyzed by means of Streampix Digital Video Recording Software. The images were captured both in the vorticityvelocity plane, as well as in the velocity-velocity gradient plane by simply repositioning the microscope and camera. Figure 1 summarizes some of the results reported in that paper. In this figure, the critical capillary number is shown for two visdroplet size distributions [8 -20] . A minor part of the available literature discusses the physical phenomena responsible for the morphology development. When examining the various microfluidic technologies, it is observed that a multitude of flow geometries has been engineered to control droplet dispersions. For instance, a relatively simple T-junction has received a lot of attention [8, 15] . In this geometry, fluid of one phase flows in one arm and becomes mixed by a second immiscible phase flowing in the perpendicular arm. Alternatively, the two channels can be arranged in a concentric arrangement upstream of a small orifice in order to create a strong elongational flow [13] . Depending on the specific geometry, the flow rate, and the volume fraction of the dispersed phase, a broad variety of droplet sizes and droplet size distributions could be generated. More interestingly, very small droplets can be formed at very high dispersed phase volume fractions, which cannot be achieved by 'normal bulk' emulsification [15] .
Although the emergence of such new technologies nicely shows the potential of flowing emulsions in confined geometries, a clear physical picture of the influence of confinement on the morphology development is lacking at present. More specifically, it has not been clarified how the presence of the walls influences the structuring processes such as deformation, breakup, and coalescence of the confined morphology. In this paper, we will discuss some recent progress in understanding droplet dynamics in confined flow. First, the behaviour of single droplets in microconfined flow is examined as it provides the basis to understand the morphology development in more concentrated emulsions, a topic that will subsequently be addressed in this paper.
DYNAMICS OF SINGLE DROPLETS IN MICROCONFINED FLOW
The deformation and breakup of single Newtonian droplets, dispersed in a Newtonian matrix, has already been the subject of many experimental and theoretical studies. On a macroscale, the seminal work of Taylor [21, 22] led towards the foundations of modern emulsion technology. In a simple shear flow, the deformation of a droplet was found to depend solely on two nondimensional properties: the viscosity ratio p (being the ratio of the droplet viscosity over the cosity ratios as a function of the degree of confinement, defined as the ratio of the droplet diameter, 2R, over the gap spacing, d. It is observed that for a viscosity ratio equal to 1, no influence of the degree of confinement on the critical capillary condition is observed, a result that is in agreement with very recent data by Sibillo et al. [32] . However, when the viscosity ratio deviates from unity, interesting phenomena come into play. For instance, when p < 1, the critical capillary number is still well described by its bulk value, as long as the degree of confinement is smaller than 0.4. For larger confinement ratios, an increase of the critical capillary number is seen, indicating that more confined droplets tend to be stabilized by the flow when the viscosity ratio is smaller than unity, a result which is in line with the findings of Mietus et al. [29] and Son et al. [30] .
For viscosity ratios larger than unity, Vananroye et al. [31] reported a decrease of the critical capillary number (not shown on Fig. 1 ) with increasing degree of confinement. Hence, at these viscosity ratios, confinement seems to promote breakup. Moreover, Vananroye et al. demonstrated that droplets with viscosity ratio larger than 4 can be broken by shear flow under confined conditions, a feature which is impossible to achieve in bulk conditions. They also showed that confined droplets are typically more deformed and oriented more towards the flow direction than their unconfined counterparts [33] . In addition, it was demonstrated that the use of bulk models to describe the deformation and orientation of droplets leads to erroneous results when the degree of confinement becomes important. However, models that explicitly take into account the presence of confining walls can be applied to get a reasonable description of the droplet behaviour [34, 35] .
MORPHOLOGY DEVELOPMENT IN CONCENTRATED SYSTEMS
Real-life systems hardly ever consist of single droplets. Concentration however, adds a complication to the morphological picture because structure generation is no longer determined solely by deformation and breakup. In addition, coalescence might become important, especially at high concentration. The competition between the deformation, breakup, and coalescence in microconfined flows leads to a variety of interesting morphological phenomena.
Migler, for example, discovered a dropletstring transition in polymer blends, which occurs when the size of the dispersed droplets becomes comparable to the gap between the shearing surfaces [36] . Such a transition is shown in Fig. 2 in which the morphology evolutions are shown at four different shear rates. As can be seen, a remarkable transition takes place when the shear rate is decreased. This transition is triggered by the coalescence of droplets: first there was an increase in the average droplet size when lowering the shear rate, followed by a self-organization into pearl necklace structures. Eventually, the aligned droplets coalesced to form strings. These strings are stabilized by a suppression of Rayleigh instabilities due to the finite size effects. The latter observation was confirmed by Son et al. [30] and Hagedorn et al. [37] . [31] Hagedorn et al. [37] and Dreyfus et al. [14] demonstrated that fluid-substrate thermodynamic interactions (the so-called 'wetting') can be expected to have a large influence on the stabilization of these confined thread structures.
Figure 1 (left): Critical capillary number as a function of degree of confinement (PDMS in PIB) for two viscosity ratios (adapted from
The transition of bulk-like behaviour to string formation is influenced by the volume fraction of the blend. This was systematically examined by Pathak et al. [38] who presented a morphology diagram that describes the microstructure in confined PIB/PDMS emulsions in the parameter space of composition, shear rate and degree of confinement. In addition to the formation of strings, they observed that for certain combinations of concentration and shear rate, the droplets organize themselves into a stable layered structure. The physics behind the formation of this layered morphology is at present not completely understood. Nevertheless, such layered structures could have a potential in the field of tissue engineering where ultra thin biopolymeric scaffolds could be produced. Pathak and Migler also investigated the effect of confinement on droplet deformation [39] . It was shown that the aspect ratio of a droplet is unaffected by the proximity of a neighbouring droplet as long as the droplets are separated by a distance larger than their characteristic size. Moreover, confinement allowed for larger droplets to exist than predicted by the critical capillary number. Similar results were obtained by Vananroye et al. [40] . These authors also mentioned that whenever pearl necklace structures occur, the droplet width W during steady shearing becomes constant. This is for instance, illustrated in Fig. 3 in which the width of droplets in a 5% emulsion during a shear flow at 0.38 s -1 is plotted as a function of the droplet diameter. The squares represent the bulk condition, a situation that is relatively well described by the Maffettone-Minale model [41] . However, when examining the situation at a gap spacing of 40 mm, it can be seen that the width of the droplets (see also the micrograph insert) has become constant. Deviations from the bulk situation occur at confinement degrees of roughly 30 -40 %, in agreement with the results on single droplet behaviour.
The question arises how droplets, arranged in such superstructures, relax when flow is removed. This was investigated by Vananroye et al. [40] . For example, Fig. 4a shows the shape relaxation (expressed by the shape parameters used in the model by Mo et al. [42] ) of various confined droplets that were generated in a 5 % emulsion. The relaxation time here is plotted versus a dimensionless time scale. The actual relaxation time is made dimensionless by dividing it through the linear droplet relaxation time (being the ratio of viscosity times radius over the interfacial tension). Apparently, it is seen that the relaxation becomes slower when the droplet size increases. This could be a confinement effect but it should be noted that similar observations were made by Vinckier et al. in the case of blends in bulk conditions. [43] . This behaviour was related to the increased aspect ratio for larger droplets. Taking into account a scaling for the initial aspect ratio (see Fig. 4b ), it was shown that the relaxation of confined droplets can be described by the scaling valid for bulk blends. The results by Vananroye et al. seem to indicate that confinement does not have an effect on the relaxation. However, it need to be stressed that the results shown in that paper were only given for degrees of confinement up to 40 %. As was shown by the same authors, deviations from bulk behaviour are expected to occur around this degree of con- finement. Hence, the conclusions drawn by Vananroye et al. [40] do not necessarily hold whenever the degree of confinement becomes larger.
CONCLUSIONS
In this paper, a brief review of systematic experimental work on microconfined flow of emulsions is presented. Most of the experimental studies done so far are performed with the popular PIB/PDMS system, which has an extremely high viscosity compared to the systems used in most of the microfluidic applications discussed in literature [7] . Nevertheless, this system could be seen as a slowed down model for high throughput flows of lower viscosity emulsions, as long as Stokes flow prevails. Hence, the results discussed here are of direct interest to microfluidic technologies. The data on breakup of single confined droplets clearly demonstrate that wall effects drastically change the physics behind the structure development. The fact that -depending on the viscosity ratio of the emulsion -droplets are either stabilized or broken by confined flow, opens new potential dispersion applications in microfluidic devices. It also indicates that, whenever droplet sizes become roughly 40 % of the channel dimension (for instance, during a 'dead zone' in an extruder or during flow in dies during micromoulding of polymer blends), the deformation and breakup behaviour is altered completely with respect to the 'bulk' condition. Modeling such processes, based on the assumption of no wall interactions, can lead to erroneous results.
Next to a changing droplet dynamics, various interesting superstructures can be obtained in concentrated emulsions, going from pearl necklace structures, string-like towards sheetlike structures. Especially the latter two might seem useful from an application point of view. The long string-like morphology might for instance be used in self-reinforcing structures (in-situ composites during micromoulding) whereas ultra-thin sheets might find potential in biotechnological applications as scaffolds. However, in order to optimize such structures and to rationally design the necessary microfluidic devices needed to generate such beautiful morphologies, further systematical work in this area is without any doubt still necessary.
